Counseling women who carry *BRCA1/2* mutations about clinical management of their breast and ovarian cancer risk has critically relied on penetrance estimates. Lifetime risk of breast cancer has been estimated to be 30%-85% for *BRCA1/2* mutation carriers, and for ovarian cancer it has been estimated to be 20%-40% for *BRCA1* mutation carriers and 10%-20% for *BRCA2* mutation carriers ([@pkaa029-B1]). The variation in available estimates makes it a challenge for clinicians to decide which one to use. An integrated set of estimates obtained via meta-analysis is currently available^1^ that summarized 10 studies that genotyped individual patients and explicitly accounted for ascertainment in statistical analyses. This meta-analysis also concluded that the inter-study variability cannot be explained by mutation type, study designs, statistical methods of estimation, and patient ethnicity. It is important to understand and identify sources of heterogeneity and to provide more homogeneous estimates.

Risk-reducing Salpingo-oophorectomy (RRSO) modifies cancer risk for women who carry *BRCA1/2* mutations ([@pkaa029-B2]). RRSO use may decrease the risk of ovarian cancer by more than 85% and breast cancer risk by more than 50%, although the efficacy of RRSO in BRCA1 mutation carriers has been disputed. The rate of RRSO by age 50 years was estimated to be 86% in *BRCA1* and 71% in *BRCA2* mutation carriers ([@pkaa029-B3]). Many studies reporting penetrance did not adjust for RRSO, and ages and rates of RRSO may vary across studies. We conjectured that differential use of RRSO may be an important source of heterogeneity in available penetrance estimates. Therefore, in our current analysis, we aimed to obtain RRSO-adjusted penetrance estimates.

Direct validation of our penetrance estimates would require a representative cohort of carrier women who opt not to have RRSO and are followed for sufficiently long periods to accumulate a sufficient number of ovarian and breast cancer events. One important application of penetrance estimates is to predict the probability that a woman carries a *BRCA1* or *BRCA2* mutation. We therefore evaluated our estimates by applying them to predict carrier probabilities and assess how well our estimates performed on real data. We used BRCAPRO, a widely used Mendelian risk prediction model for such estimation, which utilizes a woman's family history and general population-based estimates of penetrance and prevalence. We evaluated predicted carrier probabilities in 2 cohorts from Newton-Wellesley Hospital (NWH) ([@pkaa029-B4]) and Cancer Genetics Network (CGN) ([@pkaa029-B5]) using the latest version of BRCAPRO available at the time of the study (v2.1-5).

Methods
=======

Meta-Analysis of Available Estimates
------------------------------------

We performed a PubMed search using the same criteria as Chen and Parmigiani ([@pkaa029-B1]), searching the "title" for "risk" or "penetrance," "breast cancer" or "ovarian cancer," and "*BRCA1*" or "*BRCA2*." We identified the studies that estimated penetrance based directly on genotype data for individual patients and accounted for RRSO use by censoring follow-up time at age of RRSO use. Studies that did not report censoring women's follow-up at time of RRSO use were excluded.

To summarize all eligible penetrance estimates meta-analytically, we assumed that the age-specific penetrance of ovarian and breast cancer in *BRCA1*/*2* mutation carriers follows a beta distribution to enforce that penetrance estimates are necessarily constrained in the range of 0 to 1. This choice was made to be consistent with the earlier BRCAPRO models ([@pkaa029-B1]). We solved for the distribution parameters based on the mean and standard error estimates reported in each study. We then applied the DerSimonian and Laird random effects approachto combine the mean and standard error estimates, which appropriately accommodates for the heterogeneity in individual estimates.

The NWH and CGN Cohorts
-----------------------

The NWH cohort ([@pkaa029-B4]) consists of 1345 probands referred for genetic counseling at NWH with a median age of 53 years. Most of the probands were recruited through risk assessment at a breast imaging visit. A total of 684 probands (50.9%) had unilateral breast cancer and 66 (4.9%) had ovarian cancer. The CGN cohort ([@pkaa029-B5]) consists of 2038 probands (median age: 50 years) recruited from 8 high-risk genetic counseling clinics: Huntsman Cancer Institute, University of Texas Southwestern Medical Center, MD Anderson Cancer Center, Baylor College of Medicine, Johns Hopkins University, Duke University, University of Pennsylvania, and Georgetown University. Probands from high-risk clinics were referred because of a family history of breast or ovarian cancer. A total 1169 (57.4%) probands had unilateral breast cancer and 166 (8.1%) had ovarian cancer. The detailed characteristics of both the NWH and CGN cohorts are summarized in the [Supplementary Methods (available online)](#sup1){ref-type="supplementary-material"}.

Statistical Measures for Quantifying Accuracy for Predicting Carrier Probabilities
----------------------------------------------------------------------------------

We evaluated accuracy of BRCAPRO with the existing penetrances and our new penetrance estimates for predicting carrier probabilities using 3 measures: first, net reclassification improvement, based on the proportions of correctly and incorrectly reclassified patients compared with an old model ([@pkaa029-B6]); second, calibration, as measured by the ratio of the observed number of carriers to the expected number of carriers; and third, discrimination, as measured by the area under the receiver operator characteristic curve to distinguish between those who have inherited a BRCA1/2 mutation (carriers) and those who have not (noncarriers) (iv) Mean squared error (MSE) of prediction for BRCA1/2 carrier probabilities compared with a binary label of carrier status for either gene. BRCAPRO v2.1-5 requires annual age-specific penetrance estimates from age 1 to 94 years for mutation carriers and noncarriers. Because our meta-analysis results in 10-year interval estimates up to age 80 years, we interpolated the estimated penetrance of breast cancer in the age interval 20-80 years and ovarian cancer in the age interval 30-80 years. Also, we extrapolated the estimated penetrance of breast cancer and ovarian cancer outside of estimated ranges. Interpolation and extrapolation procedures are summarized in the [Supplementary Methods (available online)](#sup1){ref-type="supplementary-material"}. Annual age-specific penetrance estimates are presented in [Supplementary Figure 1](#sup1){ref-type="supplementary-material"} (available online).

Results
=======

Meta-Analysis
-------------

Among the studies ([@pkaa029-B7]) that provided penetrance estimates for ovarian cancer, only 1 study ([@pkaa029-B13]) provided an estimate for ovarian cancer by age 30 years, which was 1% for *BRCA1* and 0.2% for *BRCA2* mutation carriers. Three studies ([@pkaa029-B9], [@pkaa029-B13], [@pkaa029-B14]) provided penetrance estimates for ovarian cancer by age 40 in *BRCA2* mutation carriers, which were 2%, 1.3%, and 0.7%, respectively. Therefore, we focused on estimation of risk beyond age 30 years for ovarian cancer. Two studies, Evans et al. ([@pkaa029-B10]) and Evans et al. ([@pkaa029-B11]) had overlapping study patients, where the latter provided updated estimates of breast cancer penetrance. Therefore, we included the Evans et al. ([@pkaa029-B11]) study in the estimation of the breast cancer penetrance and the Evans et al. ([@pkaa029-B10]) study in the estimation of ovarian cancer penetrance. That is, the 2 studies were not included in the same analysis simultaneously.

Penetrance estimates by age 70 years for breast cancer were 64.6% (95% confidence interval \[CI\] = 59.5% to 69.4%) for BRCA1 mutation carriers and 61.0% (95% CI = 48.1% to 72.5%) for BRCA2 mutation carriers, and for ovarian cancer they were 48.3% (95% CI = 38.8% to 57.9%) and 20.0% (95% CI = 13.3% to 29.0%). Compared with estimates that did not fully account for RRSO, our estimated penetrance of breast cancer in the age interval 20-70 years was higher than prior estimates for *BRCA1* and *BRCA2* mutation carriers by 8.2% and 14.2%, respectively ([Table 2](#pkaa029-T2){ref-type="table"}). For ovarian cancer, our estimates in the age interval 30-70 years increased over prior estimates by 14.5% and 6.7% for *BRCA1* and *BRCA2* mutation carriers, respectively ([Table 2](#pkaa029-T2){ref-type="table"}). Age-specific annual penetrance estimates generated by this procedure and penetrance estimates in Chen and Parmigiani ([@pkaa029-B1]) are presented in [Supplementary Figure 1](#sup1){ref-type="supplementary-material"} (available online). Our penetrance estimates of breast cancer were generally higher, and those of ovarian cancer shifted to the left. The age peak for ovarian cancer risk for *BRCA1* carriers was 55-60 years and later for *BRCA2* carriers.

###### 

Seven eligible studies identified through PubMed search

  Study                                                                   Population                                                                                      Ascertainment                               No. of families            No. of carriers[^a^](#tblfn1){ref-type="table-fn"}                              Estimation                                                                                                                                                                            
  ----------------------------------------------------------------------- ----------------------------------------------------------------------------------------------- ------------------------------------------- -------------------------- ------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------ --------------------------------------------------------------------------------------
  Scott et al., 2003 ([@pkaa029-B8])[^b^](#tblfn3){ref-type="table-fn"}   kConFab, Australian                                                                             High-risk families with mutations           53                         28 + 23                                                                         No                                                                                         Yes ([Figure 1](#pkaa029-F1){ref-type="fig"})                                              Modified segregation analysis
  King et al., 2003 ([@pkaa029-B9])                                       New York hospital Ashkenazi Jewish with breast cancer                                           Population-based patients                   1008                       42 + 25 + 37[^b^](#tblfn3){ref-type="table-fn"} in patients, 212 in relatives   Yes ([Table 2](#pkaa029-T2){ref-type="table"},[Figure 1B](#pkaa029-F1){ref-type="fig"})    Yes ([Table 2](#pkaa029-T2){ref-type="table"},[Figure 1A](#pkaa029-F1){ref-type="fig"})    Kaplan-Meier
  Evans et al., 2008 ([@pkaa029-B10])                                     Overlapping regions of Manchester and Birmingham, mid-north England                             High-risk families with mutations           385                        839 + 603                                                                       Yes ([Table 3](#pkaa029-T3){ref-type="table"}, [Figure 2](#pkaa029-F2){ref-type="fig"})    No[^c^](#tblfn4){ref-type="table-fn"}                                                      Kaplan-Meier
  Evans et al., 2014 ([@pkaa029-B11])                                     Women with family member identified as mutation carrier in Manchester area, northwest England   Population-based prospective cohort study   333                        254 + 238                                                                       No                                                                                         Yes ([Table 2](#pkaa029-T2){ref-type="table"}, [Figure 1](#pkaa029-F1){ref-type="fig"})    Kaplan-Meier
  Kuchenbaecker et al., 2017 ([@pkaa029-B7])                              IBCCS, BCFR, kConFab                                                                            Population-based prospective cohort study   Ovarian: 1214Breast: 821   Ovarian: 770 + 736Breast: 501 + 485                                             Yes ([Figure 1](#pkaa029-F1){ref-type="fig"})                                              Yes                                                                                        Kaplan- Meier
  Gabai-Kapara et al., 2012 ([@pkaa029-B12])                              Ashkenazi Jewish from Israel                                                                    Population-based prospective cohort study   172                                                                                                        Yes ([Table 1](#pkaa029-T1){ref-type="table"}, [Figure 2C](#pkaa029-F2){ref-type="fig"})   Yes ([Table 1](#pkaa029-T1){ref-type="table"}, [Figure 2B](#pkaa029-F2){ref-type="fig"})   Kaplan-Meier
  Satagopan et al., 2002 ([@pkaa029-B13])                                 Ashkenazi Jewish ovarian cancer patients from multiple hospitals                                Population-based case-control study         436                        76 + 27 + 44^d^                                                                 Yes (Table 4)                                                                              No                                                                                         Odds ratio, mutation prevalence in controls, and incidence rates of OC in population

Number of BRCA1 carriers + number of BRCA2 carriers. BCFR = Breast Cancer Family Registry; IBCCS = International BRCA1/2 Carrier Cohort Study; kConFab = Kathleen Cuningham Foundation Consortium for research into Familial Breast cancer.

Reference numbers in this column correspond to those in the main text.

Penetrance estimates were provided for breast cancer, but we used the estimates from their later study in 2014 (18).

Three mutations were tested: 185delAG + 5382insC + 6174delT.

###### 

Estimated breast and ovarian cancer penetrance and 95% CI by age interval starting at age 20 years for breast cancer and age 30 years for ovarian cancer for female BRCA1 or BRCA2 mutation carriers^a^

  Gene       Cancer      End age (years)                                                                                                          
  --------- -------- ------------------------ ------------------------ ------------------------ ------------------------ ------------------------ ------------------------
  BRCA1      Breast   0.029 (0.018 to 0.047)   0.192 (0.143 to 0.253)   0.395 (0.349 to 0.442)   0.525 (0.462 to 0.568)   0.646 (0.595 to 0.694)   0.692 (0.588 to 0.781)
  Ovarian     ---     0.025 (0.019 to 0.034)   0.131 (0.078 to 0.212)   0.304 (0.212 to 0.415)   0.483 (0.388 to 0.579)   0.544 (0.44 to 0.645)   
  BRCA2      Breast   0.025 (0.008 to 0.072)   0.135 (0.093 to 0.191)   0.315 (0.244 to 0.395)   0.475 (0.390 to 0.562)   0.610 (0.481 to 0.725)   0.669 (0.506 to 0.799)
  Ovarian     ---     0.013 (0.001 to 0.099)   0.037 (0.022 to 0.061)   0.106 (0.068 to 0.161)   0.200 (0.133 to 0.290)   0.305 (0.186 to 0.457)  

CI = confidence interval.

![Newton-Wellesley Hospital carrier estimates.](pkaa029f1){#pkaa029-F1}

![Cancer Genetics Network carrier estimates.](pkaa029f2){#pkaa029-F2}

Estimation of Carrier Probabilities in NWH and CGN Cohorts
----------------------------------------------------------

[Table 3](#pkaa029-T3){ref-type="table"} summarizes results for comparing BRCAPRO estimates of carrier probabilities in the NWH and CGN cohorts using our current penetrance estimates vs those using Chen and Parmigiani ([@pkaa029-B1]). Our new penetrance estimates led to improved net reclassification for individuals carrying either BRCA1 or BRCA2 mutation, a BRCA1 mutation alone, and a BRCA2 mutation alone. The 3 other measures (area under the curve, O/E, MSE) for the 2 sets of estimates were largely similar, although O/E was closer to the target value of 1 based on our new penetrance estimates. Our new penetrance estimates also led to slightly higher MSE---0.096 (95%CI= 0.083 to 0.109) in NWH and 0.149 (95%CI: 0.137, 0.161) in CGN---compared with 0.095 (95%CI: 0.081, 0.109) and 0.146 (95%CI: 0.135, 0.158) using Chen and Parmigiani ([@pkaa029-B1]), but the confidence intervals overlapped.

###### 

Performances of predicting mutation carrier probability for each penetrance estimate with 95% CI, evaluated by net reclassification improvement, calibration, discrimination, and accuracy

  Mutation                     Newton-Wellesley Hospital   Cancer Genetics Network                          
  ---------------------------- --------------------------- ------------------------- ---------------------- ----------------------
  Net Reclassification Index                                                                                
   BRCA                        0.234 (0.18, 0.29)          0.136 (0.10, 0.17)                               
   BRCA1                       0.405 (0.25, 0.45)          0.247 (0.20, 0.29)                               
   BRCA2                       0.105 (0.04, 0.16)          0.04 (−0.01, 0.08)                               
  Observed or expected                                                                                      
   BRCA                        1.00 (0.82, 1.15)           1.04 (0.85, 1.2)          0.97 (0.89, 1.07)      1.01 (0.94, 1.11)
   BRCA1                       0.89 (0.65, 1.11)           0.82 (0.61, 1.05)         1.1 (0.99, 1.22)       1.06 (0.96, 1.18)
   BRCA2                       1.14 (0.88, 1.41)           1.34 (1.02, 1.65)         0.81 (0.68, 0.95)      0.96 (0.8, 1.12)
  AUC                                                                                                       
   BRCA                        0.65 (0.59, 0.71)           0.64 (0.59, 0.7)          0.77 (0.74, 0.8)       0.77 (0.74, 0.8)
   BRCA1                       0.75 (0.67, 0.83)           0.74 (0.67, 0.82)         0.79 (0.76, 0.82)      0.79 (0.76, 0.82)
   BRCA2                       0.58 (0.51, 0.64)           0.57 (0.51, 0.64)         0.71 (0.66, 0.76)      0.71 (0.66, 0.76)
  Brier Score                                                                                               
   BRCA                        0.096 (0.083, 0.109)        0.095 (0.081, 0.109)      0.149 (0.137, 0.161)   0.146 (0.135, 0.158)
   BRCA1                       0.037 (0.029, 0.046)        0.039 (0.031, 0.049)      0.105 (0.097, 0.115)   0.105 (0.097, 0.116)
   BRCA2                       0.061 (0.049, 0.073)        0.059 (0.046, 0.07)       0.065 (0.056, 0.073)   0.061 (0.053, 0.071)

AUC = area under the curve.

The predicted carrier probabilities for some probands become lower when our penetrance estimates were used ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}, available online). On further examination, these probands all had a family member diagnosed with ovarian cancer before age 40 years. Because our new ovarian penetrance estimates were lower before age 40 years ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}, available online), this was not surprising. Probands with higher predicted carrier probabilities using our new penetrance estimates all had a family member who was diagnosed with breast cancer either before age 40 years or after age 60 years. This is because our new penetrance estimates for breast cancer were higher in these 2 age intervals ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}, available online).

Discussion
==========

We provided new breast and ovarian cancers penetrance estimates for *BRCA1* and *BRCA2* mutation carriers in women who have not undergone RRSO. Compared with estimates that did not fully account for RRSO use ([@pkaa029-B1]), our estimated penetrance of breast cancer in the age interval 30-70 years was marginally higher, and ovarian cancer penetrance estimates were lower for ages 0-30 years ([@pkaa029-B1]). It was not straightforward to perform a formal test to assess whether our estimates were statistically different from existing ones, because 3 studies included in our analysis were also included in the previous meta-analysis. Despite the small number of studies, we performed additional meta-analyses separately for the 3 studies that included only Ashkenazi Jews ([@pkaa029-B9], [@pkaa029-B12], [@pkaa029-B13]) and the remaining 4 studies ([@pkaa029-B7], [@pkaa029-B8], [@pkaa029-B10], [@pkaa029-B11]). The 2 sets of results were largely similar ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}). We showed that a new version of BRCAPRO, a well-validated model for predicting probabilities of carrying BRCA mutations, that incorporates our new penetrance estimates still performs well. The differences in penetrance estimates compared with Chen and Parmigiani ([@pkaa029-B1]) appeared to have an impact on the point estimates of carrier probabilities with BRCAPRO in various subsets of individuals in NWH and CGN cohorts ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}, available online).

Our results highlight the importance of estimating penetrance of breast and ovarian cancer for *BRCA1/2* mutation carriers stratified on risk modifier statuses. Besides RRSO, other risk modifiers, such as oral contraceptive use, breast feeding, smoking ([@pkaa029-B15]), and genetic factors, have been identified. Variability in penetrance estimates across risk modifier subgroups is expected to partially explain the heterogeneity in existing penetrance estimates. More importantly, the refined estimates that incorporate risk modifier information are expected to be essential for individualized clinical counseling of women who carry *BRCA1/2* mutations.

The carrier probability estimation with BRCAPRO in NWH and CGN cohorts may not adequately reflect the differences resulting from using our current penetrance estimates vs those of Chen and Parmigiani ([@pkaa029-B1]), because only invasive breast cancer but not ductal carcinoma in situ (DCIS) were recorded in both cohorts. Unfortunately, not all studies included in our meta-analysis reported whether they ascertained only invasive breast cancer or both invasive breast cancer and DCIS breast cancer. The 1 study that did ascertain only invasive breast cancer ([@pkaa029-B12]) reported higher penetrance estimates than other studies that ascertained both invasive and DCIS breast cancer. We assumed that penetrance for developing either invasive or DCIS breast cancer is the same as that for developing only invasive breast cancer in *BRCA1/2* carriers.

We provide new penetrance estimates of breast and ovarian cancer for women who carry *BRCA1/2* mutations and have not undergone RRSO. Our estimates are higher than those reported in a previous meta-analysis that did not account for RRSO. For some individuals, using our estimates in BRCAPRO may result in changes in estimated carrier probabilities, which warrants validation in future studies.

Supplementary Material
======================

###### 

Click here for additional data file.
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